he effects of alloy disorder on the Schottky barriers at semiconductor-alloy -metal interfaces are investigated within the defect model of Schottky-barrier formation. The deep levels and the associated wave functions for surface antisite defects, which are believed to be responsible for the barriers considered here, were previously calculated for various III-V semiconductor alloys using the theory of deep levels and treating the alloy host in the virtual-crystal approximation. In the present paper, perturbation theory is used to treat the effect of the random local environment of each defect on these deep levels. For the cation and anion antisite defects at the (110) surfaces of six different III-V semiconductor alloys, the inhomogeneous broadening of the associated deep levels is found to range from nearly 0 to about 0.3 eV, depending on the alloy composition and the material considered. The corresponding effect on the Schottky-barrier heights which result from Fermi-level pinning by these deep levels should be a slight bowing with composition. Typically, this bowing effect is estimated to be of the order of 0.1 eV at intermediate alloy compositions.
The phenomenological defect model for Fermi-level pinning and Schottky barrier formation, developed by Spicer and coworkers, has been given a microscopic foundation by Allen, Sankey, and Dow. In particular, it has been shown that the observed Schottky barriers at III-V semiconductor-alloy -metal interfaces are remarkably well described by a model which attributes the barriers to the dangling-bond deep-level states associated with antisite defects at the alloy surface. In this paper, we (1) develop a simple perturbation-theory approach to the calculation of the effects of alloy disorder on these deep-level states, (2) obtain quantitative estimates for the magnitude of these effects at the surfaces of six semiconductor alloys, and (3) show that the inclusion of these effects does not substantially alter the picture of Schottky-barrier formation and Fermi-level pinning due to surface antisite defects in the materials for which experimental data is currently available. However, we find that in some cases the effects of alloy disorder on Schottky-barrier heights may be large enough to be observable. We predict, for example, relatively large alloydisorder effects in GaAs& Sb .
In the calculations of Allen et al. , the alloy host was treated in the virtual-crystal approximation (VCA), and the antisite defect was assumed to be the compositionweighted average defect. In this approximation, effects of alloy disorder on the deep levels associated with Fermilevel pinning and Schottky-barrier formation are completely neglected. It is the purpose of the present paper to remedy this situation by extending the VCA theory to include these effects, and to obtain estimates of their magnitude for a number of III-V semiconductor alloys.
The motivation for the present work is twofold. First, the alloy disorder in the neighborhood of bulk defects in semiconductor alloys has been shown, both experimentally and theoretically, to be important for understanding the associated deep electronic energy levels in these materials.
For example, in recent years, several workers have observed and studied the effects of such disorder on optical absorption and luminescence from excitons bound to impurities in the III-V alloys, and have found that such spectra are inhomogeneously broadened (" alloy broadened") by the disorder. ' In addition, Ford and Myles" ' (110) surface relaxation, ' was In our approximate treatment, we wil1 consider only the alloy-disorder effects on the above-discussed deep levels which are associated with the defect site and with its nearest-neighbor sites. (Calculations in the bulk" ' indi- cate that second-and higher-neighbor effects are small. At the (110) surface (e.g., when the atom furthest right in the figure is missing), C has one dangling bond, is bonded to two surface atoms at equivalent sites (denoted as 1 and 2 in the text), and is bonded to one subsurface atom at a site (denoted as 3 in the text) which is inequivalent to sites 1 and 2.
At the (110) surface of a III-V semiconductor, an atom has one dangling bond and three nearest neighbors, two of which are in the surface plane with it and one of which is in the first subsurface plane. This can be seen in Fig. 2 if the surface is imagined to coincide with the plane which passes through the C atom, the uppermost 3 (8) (', 
The quantities AE& and AE2 are, respectively, the shifts produced by on-site and off-site disorder.
For an antisite anion (C atom) defect occupying a c site, there is no alloy broadening in the present model for the case of cation disorder, because our cluster consists of an anion surrounded by neighboring anions, i.e. , there is only one configuration.
For a particular antisite defect and for a particular nearest-neighbor cluster configuration, the first-order perturbation theory results for the combined energy shift due to both on-site and off-site effects can be written as b, E=(q~V 0), (2) + g~i , c(n))Ae;"(i,c(n)ĩ , n Here a refers to the a site of the cluster, c(n) refers to c site n of the cluster (n =1,2, 3), i is an orbital index (s,p", p~, p, ), and~i, a ) and~i, c(n)) are atomiclike orbitals centered at the appropriate sites. In Eq. (3) ' we take p, =0.8 and pz --0.6. The atomic energies used in the numerical calculations discussed in the next section were taken from (&b) It should be noted that the probabilities P, listed in Table I , assume a completely random alloy. Obviously, if the alloy were nonrandom, Eqs. (6) - (8) As is discussed above, the band edges with respect to which we compute our barrier heights are those computed in the VCA, which does account for some of this band bowing.
However, in order to obtain an accurate prediction of the bowing of the band edges in these materials, it is necessary to perform coherent potential approximation (CPA) calculations of the electronic structure of the alloy host. Such calculations show that the CPA corrections to the band bowing over those predicted by the VCA can in some cases be of a similar size (-0.1 eV) as the rms alloy-broadened widths which we predict below, but for most compositions in most materials they are smaller. The effect of these band bowings on the deep-level -induced Schottky-barrier heights could thus, in some cases, be comparable to the bowing induced by the disorder effects considered here. If this were the case, the extra downward bowing of the conduction band and the extra upward bowing of the valence band would, for ntype and p-type materials, respectively, tend to partially cancel the upward bowing of the Schottky-barrier heights predicted here for large concentrations of defects.
At one end of the alloy diagram (x~0 or x~1), the disorder-shifted deep level which lies at one edge or the other of the alloy-broadened deep-level spectrum will deviate significantly from the VCA deep level, but the probability of occurrence of the cluster which produced it will be zero. At the other end of the alloy diagram (x~1 or x~0), this level will merge with the VCA level and the probability of occurrence of the cluster which produced it will be unity.
Thus, the greatest correction to the Schottky-barrier heights calculated in the VCA will occur near x=0.5.
III. RESULTS AND DISCUSSION
We have applied the formalism just described to obtain estimates of the alloy broadening for the four deep levels associated with each of the antisite defects at the (110) surfaces of the semiconductor alloys Ga Al & "As, GaAs& P, Ga& In P, InP& As", In& "Ga As, and GaAs& Sb . Our results for the alloy broadened rms widths are summarized in Tables II and III for x=0 . 5, the composition at which alloy-disorder effects are the largest. Table II is for a cation-on-anion-site defect, and Table  III is for an anion-on-cation-site.
In both tables we separately show the on-site contribution A~, the off-site contribution Az, and the total alloy-broadened rrns width
The notation of these tables follows that of Ref. 15 (1) the alloy composition x, (2) the constituents of the alloy, and (3) 
